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Heavy baryons with strangeness in soliton models
H. Weigel, J. P. Blanckenberg
Physics Department, Stellenbosch University
Matieland 7602, South Africa
We present some recent results from soliton model calculations for the spectrum of
baryons with a single heavy quark. The model comprises chiral symmetry for light flavors
and (approximate) heavy spin–flavor symmetry for the heavy quarks. We focus on flavor
symmetry breaking for strangeness degrees of freedom.
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1. Introduction
Baryons containing heavy quarks have drawn renewed attention since the poten-
tial discovery of pentaquark states with hidden charm.1 Here we present a model
calculation for the spectrum of baryons with a single heavy quark.
We start from a chiral soliton model with pseudoscalar and vector meson fields
that reasonably well describes the spectrum, static properties and meson nucleon
scattering. These studies are reviewed in Ref.2. We then augment this model by
coupling mesons with a single heavy quark (charm or bottom). This coupling is
constructed to reproduce the heavy spin–flavor symmetry as the mass of the heavy
meson is sent to infinity.3 The soliton then produces an attractive potential for
the heavy mesons and the resulting bound states are central to the investigation of
heavy baryons.4 In this presentation, which is mainly based on Ref.5, we particularly
discuss how flavor symmetry breaking between the light non–strange and strange
quarks is included when coupling the chiral soliton and the heavy meson bound
state to form a baryon with a heavy quark.
2. The Model
We start from a chiral soliton model for light baryons. The major building block
is the non–linear representation of the pesudoscalar mesons in form of the chiral
field U . Rather than using higher derivative terms as in the Skyrme model6, 7 to
stabilize the soliton, here stabilization is achieved by coupling the pseudoscalar
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mesons to the vector mesons ρ and ω.8, 9, 10 Though we utilize a three flavor model,
the soliton profiles are embedded in the SU(2) subgroup of isospin:
U0(r) = exp [τ · rˆF (r)] , ω(0)µ (r) = ω(r) gµ0 , ρ(0)(r) = τ × rˆ
G(r)
r
. (1)
The profile functions F (r), ω(r) andG(r) are determined by minimizing the classical
energy, Ecl subject to boundary conditions that ensure unit winding number for the
mapping of coordinate space into flavor space. Note that, on this classical level, the
spatial components of the isoscalar field ωµ and the time components of isovector
field ρµ are zero. We generate states with good baryon numbers by introducing
a
and quantizing collective coordinates for the flavor orientation A(t) ∈ SU(3)
U(r, t) = A(t)U0(r)A
†(t) and τ · ρµ(r, t) = A(t)τ · ρ(0)µ (r)A†(t) . (2)
Defining eight angular velocities Ωa
i
2
8∑
a=1
Ωaλa = A
†(t)
dA(t)
dt
, (3)
enables a compact form for the collective coordinate Lagrange function that arises
from the light meson fields
Ll(Ωa) = −Ecl + 1
2
α2
3∑
i=1
Ω2i +
1
2
β2
7∑
α=4
Ω2α −
√
3
2
Ω8 . (4)
The last term is only linear in the time derivative and originates from the Wess–
Zumino–Witten action.12 The coefficients α2 and β2 are radial integrals of the
profile functions and represent moments of inertia for rotations in isospace and the
strangeness subspace of flavor SU(3), respectively. The form of the collective co-
ordinate Lagrangian, Eq. (4) is generic to all chiral soliton models. The particular
numerical values for the classical energy and the moments of inertia are, of course,
subject to the particular model for which we will follow Ref.10. The rotations also in-
duce vector field components that vanish classically (see above). So far the collective
coordinates only enter through their time derivatives; A does not appear explicitly
as we have not yet included SU(3) flavor symmetry breaking contributions.
3. Heavy Meson Bound States
In the heavy flavor limit the pseudoscalar (P ) and vector meson (Qµ) compo-
nents become degenerate13 and must therefore be combined in a single multiplet
H = 12 (iγ5P + γ
µQµ). The Dirac spinor labels are subject to the heavy flavor trans-
formation properties while the light flavor index of this multiplet (P and Qµ are
SU(3) flavor spinors) is coupled to the light meson fields according to rules of chiral
symmetry. This coupling to the soliton induces a potential for P and Qµ that allows
aAlso profile functions are induced for the spatial components of ωµ and the time components of
ρµ.11, 10
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for bound state solutions with energy eigenvalue ω. Since the soliton configuration
itself has non–zero orbital angular momentum the most strongly bound solution has
a P–wave structure in the pseudoscalar component:
P =
eiωt√
4π
Φ(r)rˆ · τˆχ , Q0 = e
iωt
√
4π
Ψ0(r)χ
Qi =
eiωt√
4π
[
iΨ1(r)rˆi +
1
2Ψ2(r)ǫijk rˆjτk
]
χ . (5)
where χ is a constant three component spinor. Since the coupling to the light mesons
occurs via a soliton in the isospin subspace, only the first two components of χ are
non–zero. The parameterization that emerges by left multiplication with rˆ · τˆ and,
of course, has different profile functions, leads to the S–wave bound states.
Since the heavy meson fields are spinors in SU(3) flavor space, they are also
subject to collective flavor rotation from Eq. (2),
P −→ A(t)P and Qµ −→ A(t)Qµ , (6)
where the right hand sides contain the bound state profile functions. From this we
get the collective coordinate Lagrange function from the heavy fields
Lh(Ωa) = −ωχ†χ+ 1
2
√
3
χ†Ω8χ+ ρχ
†
(
Ω · τ
2
)
χ . (7)
The coefficient ρ in the last term is a radial integral over the profile functions.14
Again, the flavor rotation matrix A does not appear explicitly.
4. Symmetry Breaking and Mass formula
So far we have not taken into account three flavor symmetry breaking as reflected
by the different (current) quark masses of up, down and strange quarks, mu, md
and ms, respectively. While it is appropriate to work with mu = md, the deviation
ms ≫ mu,md is substantial and must be included. It is incorporated in the effective
chiral Lagrangian by adding terms like
Lsb ∼ f
2
pim
2
pi
4
Tr



1 0 00 1 0
0 0 x

(U + U † − 2)

+ . . . where x =̂ 2ms
mu +md
≫ 1 .
(8)
Eventually they describe different masses and decay constants of strange and non–
strange mesonsb. Once the profile functions are substituted and the spatial inte-
gration is performed, symmetry breaking induces an explicit A dependence in the
collective coordinate Lagrange function
Lsb = −x
2
γ˜ [1−D88(A)] with Dab = 12Tr
[
λaAλbA
†
]
. (9)
bSymmetry breaking for the heavy mesons, proportional to e.g. M2Bs −M
2
B , is also included. For
brevity the corresponding Lagrangian is not displayed here.
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Again, γ˜ is a radial integralc over all profile functions.5
Collecting pieces from Eqs. (2,7) and (9) and Legendre transforming for the
angular velocities via the right SU(3) generators Ra =
∂L
∂Ωa
yields the Hamilton
operator whose eigenvalues are the baryon masses. This results in the mass formula
E = Ecl +
(
1
α2
− 1
β2
)
r(r + 1)
2
+
ǫ(x)
2β2
− 3
8β2
(
1− N
3
)2
+ |ω|N + ρ
2α2
[j(j + 1)− r(r + 1)]N , (10)
where N counts the number of heavy quarks. Here ǫ(x) is the eigenvalue of
Osb =
∑8
a=1R
2
a+xβγ˜ [1−D88(A)] according to the Yabu–Ando approach15 subject
to the constraint R8 =
√
3(1 − N3 )/2. For heavy baryons this constraint then re-
quires diquark SU(3) representations. Furthermore j is the total spin of the consider
baryon and r(r + 1) is the eigenvalue of
∑3
i=1R
2
i . It is zero and one for the anti–
symmetric and the symmetric diquark wave–functions, respectivelyd. We stress that
obtaining the eigenvalues ǫ(x) of the operator Osb amounts to a non–perturbative
treatment of symmetry breaking in the light flavor sector.
5. Results
All coefficients in the mass formula, Eq. (10) are determined from the soliton model
calculation detailed in Refs.10, 4 and 14. The only free parameter is the strength, x
of flavor symmetry breaking. It has been estimated16, 17, 18 from meson properties to
be in the range x ∼ 20..30. In tables 1, 2 and 3 we list our predictions for the mass
differencese of the heavy baryons with the respect to the nucleon and the Λc,b and
compare them to empirical data.20 The mass differences within a given heavy quark
sector is overestimated. For example MΩc −MΛc = 463MeV for x = 25, while the
empirical value is 409MeV. Further increase of x worsens the picture. On the other
hand, a sizable value (x ∼ 30) for the symmetry breaking is required for a good
agreement for non–heavy baryons.10 The splitting between different heavy sectors is
predicted on the low side: when compared to the nucleon, the Λc and Λb are about
100MeV and 300MeV too low, respectively. This is inherited from the heavy flavor
calculation which overestimates4 the binding energies in the sense that it is too close
to the estimate from exact heavy flavor symmetry. This can also be seen from the
parity splitting which is underestimated by about 50MeV (it vanishes in the heavy
limit). Together with the effect of SU(3) symmetry breaking the overestimated
binding combines to acceptable agreement for the mass differences between the
double strange baryons Ωc and Ωb and the nucleon, at least for x = 30. It has
been argued14 that kinematical corrections (e.g. substituting the reduced mass in
cThe notation is chosen to distinguish it from γ = xγ˜ in the literature.2
dNon–heavy baryons have N = 0 and r = j
eWe concentrate on mass differences to avoid ambiguities from the vacuum polarization energy.19
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Table 1. Predicted mass differences for the positive parity baryons
with a single charm quark for two different strengths of SU(3) symmetry
breaking in comparison with experimental data (PDG).20 The mass
differences with respect to the nucleon and the Λc are denoted by ∆N
and ∆Λc , respectively.
x = 25 x = 30 Data (PDG)
Bary. (I, j, r) ∆N ∆Λc ∆N ∆Λc ∆N ∆Λc
Λc (0, 1/2, 0) 1230 0 1233 0 1347 0
Σc (1, 1/2, 1) 1423 193 1425 192 1515 168
Ξc (1/2, 1/2, 0) 1446 216 1486 253 1529 182
Ωc (0, 1/2, 1) 1693 463 1756 523 1756 409
Ξc (1/2, 1/2, 1) 1557 328 1588 355 1637 290
Σc (1, 3/2, 1) 1464 234 1466 233 1579 232
Ξc (1/2, 3/2, 1) 1598 369 1629 396 1706 359
Ωc (0, 3/2, 1) 1734 504 1797 564 1831 484
the bound state problem) due to the soliton not being infinitely heavy change the
predicted bound state energies appropriately.
For j = 1/2 and positive parity the observed mass difference between Σ and Ξ
decreases and even changes sign when the heaviest flavor turns from strange via
charm to bottom: MΞ−MΣ = 125, 14,−17MeV. This is (partially) reflected by our
calculation, e.g. for x = 25 we find the mass differences 101, 23 and 6MeV. Since
the hyperfine splitting only has a moderate effect, we find a similar scenario for the
negative parity channel and it will be interesting to compare it with future data.
6. Summary
We have presented model predictions for the spectrum of baryons with a single
heavy quark. Our analysis culminates in a single mass formula for the spectrum.
The ingredients of the mass formula are the binding energies of the heavy meson, the
flavor symmetry breaking among the non–heavy flavors and the hyperfine splitting.
In these aspects our study builds on and extends an earlier chiral soliton model ap-
proach21 on heavy baryons with strangeness. We stress that, except for a moderate
uncertainty of the light symmetry breaking strength, all parameters in our mass
formula are obtained from a single model Lagrangian. Though not presented here,
we recall that this model also predicts10 the spectrum and static properties of light
Table 2. Same as table 1 for the negative parity charmed baryons.
x = 25 x = 30 Data (PDG)
Bary. (I, j, r) ∆N ∆Λc ∆N ∆Λc ∆N ∆Λc
Λc (0, 1/2, 0) 1479 249 1482 249 1653 306
Σc (1, 1/2, 1) 1664 434 1666 433 - -
Ξc (1/2, 1/2, 0) 1695 465 1735 502 1851 504
Ωc (0, 1/2, 1) 1934 704 1997 764 - -
Ξc (1/2, 1/2, 1) 1798 569 1829 596 - -
Σc (1, 3/2, 1) 1717 487 1719 486 - -
Ξc (1/2, 3/2, 1) 1851 622 1882 649 - -
Ωc (0, 3/2, 1) 1987 757 2050 817 - -
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Table 3. Same as table 1 for the positive parity bottom baryons.
Here ∆Λb is the mass difference with respect to Λb.
x = 25 x = 30 Data (PDG)
Bary. (I, j, r) ∆N ∆Λb ∆N ∆Λb ∆N ∆Λb
Λb (0, 1/2, 0) 4391 0 4394 0 4681 0
Σb (1, 1/2, 1) 4601 210 4603 209 4872 191
Ξb (1/2, 1/2, 0) 4608 216 4647 253 4855 174
Ωb (0, 1/2, 1) 4871 480 4935 540 5110 429
Ξb (1/2, 1/2, 1) 4736 345 4766 372 - -
Σb (1, 3/2, 1) 4617 226 4619 225 4893 212
Ξb (1/2, 3/2, 1) 4751 360 4782 387 5006 325
Ωb (0, 3/2, 1) 4887 496 4950 556 - -
baryons with reasonable agreement to empirical data.
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